INTRODUCTION

Calcium Signaling and Calcium Sensors: A General Paradigm
Many extracellular signals, including light, biotic, and abiotic stress factors, elicit changes in cellular Ca 2 ϩ concentration in plants (Trewavas and Knight, 1994; Bush, 1995; Braam et al., 1997; McAinsh et al., 1997; Sanders et al., 1999; Rudd and Franklin-Tong, 2001 ). In addition, many intrinsic growth and developmental processes, such as elongation of root hairs and pollen tube formation, are controlled by Ca 2 ϩ transients (Felle and Hepler, 1997; Holdaway-Clarke et al., 1997; Wymer et al., 1997) . Because different signals often elicit distinct and specific cellular responses, it is important to determine how cells can distinguish the Ca 2 ϩ signals produced by different stimuli. Recent studies in both animal and plant cells suggest that a Ca 2 ϩ signal is presented not only by the concentration of Ca 2 ϩ but also by its spatial and temporal information (Franklin-Tong et al., 1996; Holdaway-Clarke et al., 1997; Dolmetsch et al., 1998; Li et al., 1998; Trewavas, 1999) . A combination of changes in all Ca 2 ϩ parameters produced by a particular signal is referred to as a "Ca 2 ϩ signature." Although such Ca 2 ϩ signatures may partially explain the specificity of cellular responses triggered by a particular stimulus, the molecules that "sense" and "interpret" the Ca 2 ϩ signals provide additional specificity to the coupling of Ca 2 ϩ parameters to cellular responses.
If Ca 2 ϩ signaling pathways are composed of "molecular relays," the first "runner" after Ca 2 ϩ would be a Ca 2 ϩ "sensor," which monitors temporal and spatial changes in Ca 2 ϩ concentrations. Such sensors often are proteins that bind Ca 2 ϩ and change their conformation in a Ca 2 ϩ -dependent manner. Several families of Ca 2 ϩ sensors have been identified in higher plants. Perhaps the best known is calmodulin (CaM) and CaM-related proteins, which typically contain four elongation factor (EF)-hand domains for Ca 2 ϩ binding (Zielinski, 1998; Snedden and Fromm, 2001) . A new family of Ca 2 ϩ sensors from Arabidopsis consists of proteins similar to both the regulatory B-subunit of calcineurin and the neuronal Ca 2 ϩ sensor in animals (Liu and Zhu, 1998; Kudla et al., 1999) . We refer to these plant Ca 2 ϩ sensors as calcineurin B-like (CBL) proteins (Kudla et al., 1999) . The third major class is exemplified by the Ca 2 ϩ -dependent protein kinases (CDPKs), which contain CaM-like Ca 2 ϩ binding domains and a kinase domain in a single protein (Roberts and Harmon, 1992; Harmon et al., 2000) . The CDPK proteins are unique because they function both as Ca 2 ϩ sensors and as effectors of their Ca 2 ϩ -sensing activity.
CaM and CBL are small proteins that contain multiple Ca 2 ϩ binding domains but lack other effector domains, such as the kinase domain in CDPKs. To transmit the Ca 2 ϩ signal, CaMs and CBLs interact with target proteins and regulate their activity. CaM target proteins have been identified in higher plants and include protein kinases, metabolic enzymes, cytoskeleton-associated proteins, and others (Reddy et al., 1996 (Reddy et al., , 2002 Snedden et al., 1996; Zielinski, 1998; Snedden and Fromm, 2001) . A family of SNF1-like protein kinases has been identified as targets for CBL proteins (Shi et al., 1999; Halfter et al., 2000) . The target proteins of Ca 2 ϩ sensors then regulate activities that constitute cellular responses triggered by an external signal. Ca 2 ϩ sensors, therefore, are part of a complex signaling network of interconnected pathways. It will be interesting to determine how this network is established and how it functions to link discrete signals to specific responses. In this review, we focus on the two families of small Ca 2 ϩ sensors (CaM and CBL) and their targets to explore how specific signals may be transmitted through the combined action of these proteins. The CDPK-type of calcium sensors are reviewed separately in this issue.
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GENES AND PROTEINS
CaMs and CBLs: Diversity and Structural Basis for Function
CaM is one of the most conserved eukaryotic proteins, although the number and organization of CaM genes can vary greatly among different organisms. As shown in Figure 1 , the extended superfamily of CaMs consists of proteins with a diverse number of Ca 2 ϩ binding EF hands and additional domains Fromm, 1998, 2001; Zielinski, 1998) . Table 1 lists the known and putative CaM genes in Arabidopsis. Common criteria for the definition of CaM versus CaM-like and CaM-related proteins, however, are currently not established in the field. Here, we define three groups: typical CaMs, CaM-like proteins, and CaM-related proteins. In Arabidopsis, typical CaM members include CaM1 to CaM7, which are highly similar to animal CaM and to each other ( Ͼ 95% identical in amino acid sequence). Other proteins listed in Table 1 (CaM8 to CaM14) share 50 to 75% amino acid identity to the typical CaM2, and some of these have been shown to have CaM activity. They are referred to as CaM-like proteins (CaM8, CaM9, CaM13, and CaM14) or, when they have additional non-CaM domains, CaM-related proteins (CaM10 to CaM12).
For example, Arabidopsis CaM8 is a CaM-like protein because of its more divergent sequence. This protein can function as a CaM in Ca 2 ϩ binding and yeast complementation experiments, but it appears to interact with a more limited set of target proteins compared with typical CaM isoforms (Zielinski, 2002) . A good example of a CaM-related protein is petunia CaM53, which has been demonstrated to have CaM activity but which contains a polybasic C-terminal domain that is not found in typical CaMs ( Figure 1 ). As discussed below, this extra domain in CaM53 regulates its cellular localization . It is also interesting that the genes encoding CaM10, CaM12, and CaM2 are organized in a tandem array in this order in chromosome 2. This could result from gene duplication and the incorporation of additional domains in a sequence of events from CaM2 to CaM10 to CaM12 (Figure 1 , Table 1 ).
CBLs also are encoded by a multigene family of at least 10 members in Arabidopsis ( Table 2 ) that have similar structural domains with small variations in the length of the coding regions (Kudla et al., 1999; Albrecht et al., 2001; Guo et al., 2001b) . Their amino acid sequence identity, which ranges from 20 to 90%, would be sufficient for functional redundancy among the closely related members while allowing for functional specificity among more diverged members. Unlike CaM genes, CBLs have been identified previously only in higher plants, suggesting that CBLs may function in plant-specific signaling processes.
The CaM-and CBL-type Ca 2 ϩ binding proteins are characterized by a common helix-loop-helix structural motif (the EF hands) that acts as the Ca 2 ϩ binding site (Figure 2 ). The EF-hand consensus sequence consists of a 12-amino acid loop that uses amino acids at positions 1, 3, 5, 7, 9, and 12 for interaction with Ca 2 ϩ . The Asp at position 1, Gly at position 6, and Glu at position 12 are the most highly conserved amino acids in the loop. The Gly at position 6 is required to maintain the structure of the loop, which cannot accommodate any other amino acid at this site. Comparing CaM with CBL proteins, the two families do not show significant similarity in their primary amino acid sequences except for the conserved positions in the EF-hand motifs. In addition to a general sequence difference, CaMs and CBLs also differ in the number of EF-hand motifs in their basic structures. Typically, CaMs contain four EF hands and CBLs contain three. Because the structure of no CBL has yet been characterized, we focus on the structural analysis of CaM to illustrate Typical CaMs (such as Arabidopsis [At] CaM2 and petunia [Ph] CaM81) contain four EF hands (red ovals). CaM-related proteins show additional domains (indicated by boxes) and/or either removal or addition of EF hands. For instance, Arabidopsis CaM11 contains an insertion of 22 Gln residues (22xQ) that follow the first four amino acids of the protein (Table 1) . Petunia CaM53 and rice (Os) CaM61 contain a C-terminal extension that comprises a polybasic domain (ϩ) and a CaaL box that specifies prenylation by GGTase-I (Rodriguez-Concepcion et al., 1999; Dong et al., 2002) . A conserved C-terminal extension of unknown function is present in both Arabidopsis CaM10 and CaM12, but the latter contains two additional EF hands (Table 1) . Extra EF hands and unrelated sequences also are found in the protein encoded by Arabidopsis TCH3, a touchinduced gene (Sistrunk et al., 1994) . Substitution of a EF hand for a nonconserved sequence is observed in wheat (Ta) CaM2-1 (Yang et al., 1996) and tobacco (Nt) rgsCaM, which was found to be a suppressor of post-transcriptional gene silencing (Anandalakshmi et al., 2000) . the molecular basis for calcium binding and target interaction.
The EF hands in CaM are organized into two distinct globular domains, each of which contains one pair of EF hands. Each pair of EF hands is considered the basic functional unit. Pairing of EF hands is thought to stabilize the protein and increase its affinity toward Ca 2 ϩ (Seamon and Kreetsinger, 1983) . Although each globular domain binds Ca 2 ϩ and undergoes conformational changes independently, the two domains act in concert to bind target proteins (Nelson and Chazin, 1998) . Upon increase of Ca 2 ϩ to submicromolar or low micromolar levels, all CaM molecules are activated. Cooperative binding is required for this "on/ off" mechanism to function efficiently. The cooperativity of Ca 2 ϩ binding ensures that full activation of the CaM occurs in a narrow region of calcium concentration during a signaling event.
The selectivity of CaM toward Ca 2 ϩ also is an important factor in effective transduction of the Ca 2 ϩ signal. CaMs bind Ca 2 ϩ selectively in the presence of high concentrations of Mg 2 ϩ and monovalent cations in the cell. The cation selectivity is achieved by optimizations in the structure folds of the binding loop (Figure 2 ). For example, discrimination between Ca 2 ϩ and Mg 2 ϩ is accomplished through reduction in the size of the binding loop. Binding of Mg 2 ϩ ions would collapse the EF-hand loop, thereby reducing the distance between negatively charged side chains and destabilizing the CaM-Mg 2 ϩ complex (Falke et al., 1994) . Even small changes in the chemical properties of the Ca 2 ϩ binding loop (e.g., Glu-12 → Gln) can drastically reduce the binding affinity to Ca 2 ϩ (Beckingham, 1991; Haiech et al., 1991) . The Glu-12 → Gln mutation changes the carboxylate side chain into carboxylamide, which removes the oxygen ligand for Ca 2 ϩ (Nelson and Chazin, 1998) . Together, structural analyses in combination with site-directed mutagenesis established that CaMs (and other EF hand-containing proteins, including CBLs) have evolved as highly specific Ca 2 ϩ sensors.
Structural analysis of the Ca 2 ϩ -free and Ca 2 ϩ -bound states of CaM proteins reveals the conformational changes induced by Ca 2 ϩ binding ( Figure 2 ). In the Ca 2 ϩ -free state, CaM adopts a closed conformation. Ca 2 ϩ binding triggers a conformational change, and the protein adopts an open conformation with nearly perpendicular interhelical angles between the globular domains. This open conformation exposes a hydrophobic surface within each globular domain and permits the binding of protein targets (Babu et al., 1988; Kuboniwa et al., 1995; Zhang et al., 1995) .
Ca 2 ϩ -CaM binds and regulates the activity of a wide range of proteins that are not necessarily related in structure. How can Ca 2 ϩ -CaMs bind to so many different proteins? More specifically, the plasticity of the Ca 2 ϩ -CaM structure must accommodate the variation in both the molecular size and the composition of the target proteins. This issue has been addressed by structural analyses of Ca 2 ϩ -CaM and target-bound Ca 2 ϩ -CaM. Figure 2C shows that the two globular domains of Ca 2 ϩ -CaM are connected by a a Does not display Ca 2 ϩ -induced electrophoretic mobility shifting but partially complements a CaM-defective yeast mutant (Zielinski, 2002) . b Displays Ca 2 ϩ -induced electrophoretic mobility shifting (Ling and Zielinski, 1993) . c -, unknown.
S392
The Plant Cell flexible tether that can accommodate peptides of varying sizes (Nelson and Chazin, 1998) . Upon binding a peptide, the two globular domains fold toward each other to form a hydrophobic channel rich in Met residues that have flexible hydrophobic side chains. In this channel, Ca 2 ϩ -CaM interacts with peptides mostly through nonspecific van der Waals interactions that form between the exposed hydrophobic domains of Ca 2 ϩ -CaM and the target peptides, which explains why Ca 2 ϩ -CaM can bind many target proteins (O'Neil and DeGrado, 1990; Osawa et al., 1998; Zhang and Yuan, 1998) . Together, the structures of CaM illustrate how this class of proteins can function as extremely efficient Ca 2 ϩ sensors and on/off switches, allowing them to transduce Ca 2 ϩ signals with high efficiency and accuracy. Different affinities for Ca 2 ϩ -CaM interactions with specific target proteins may be sufficient for the differential transduction of the Ca 2 ϩ signal.
Expression Patterns of CaMs and CBLs: Clues for Function
The temporal and spatial expression of a gene and the subcellular localization of the protein often provide important clues to their functions. As expected for CaMs and CBLs that participate in numerous signaling pathways, their expression and subcellular localization are regulated by multiple signals, including light, mechanical stress, heat/cold shock, wounding, osmotic stress, pathogens, and plant hormones. Certain CaM/CBL genes also are regulated developmentally and show tissue-and cell-specific expression patterns. As discussed below, the diversity of gene expression and protein localization patterns is important for generating functional diversity and specificity. Touch-induced genes ( TCH ) encode CaM-related proteins (Figure 1 ), which are induced rapidly by mechanical manipulation, cold and heat shock, phytohormones, and Ca 2 ϩ itself (Braam et al., 1997) . The magnitude and kinetics of mRNA induction differ between the different TCH genes (Braam and Davis, 1990; Braam, 1992a Braam, , 1992b Antosiewicz et al., 1995; Polisensky and Braam, 1996; Braam et al., 1997) . Extensive work with TCH3 established that it is expressed in the shoot apical meristem, vascular tissue, and root pericycle cells during vegetative growth in Arabidopsis (Sistrunk et al., 1994; Antosiewicz et al., 1995) . After wind stimuli, TCH3 becomes abundant in branch points of leaf primordia and stipule, pith parenchyma, and vascular tissues, although the functional consequences of this induction are not understood.
CaM proteins have an important function in pathogenesis and wounding (Bergey and Ryan, 1999; Heo et al., 1999; Yamakawa et al., 2001 ) and in the hypersensitive response (Levine et al., 1996; Harding et al., 1997; Harding and Roberts, 1998; Heo et al., 1999; Blume et al., 2000) . Constitutive ectopic expression of CaM genes alone sometimes can trigger a pathogen response in the absence of any elicitor, resulting in acquired resistance to a wide range of pathogens and suggesting that CaM proteins are perhaps ratelimiting factors in the pathogen response (Heo et al., 1999) . Other genes for CaM proteins are induced by salt (Jang et al., 1998) or expressed in a developmentally regulated and tissue-specific manner (Yang et al., 1996 (Yang et al., , 1998 . For example, a novel prenylated CaM protein from petunia Caldelari et al., 2001) accumulates to high levels in meristematic tissues ( Figure  3A ). As more genome-wide gene expression profiling experiments are completed, we expect a broader view of CaM gene expression during plant development and under various growth conditions. Different members of the Arabidopsis CBL gene family also show specific expression patterns. For example, CBL1 expression is induced strongly by wounding, drought, high salt, cold, and abscisic acid (Kudla et al., 1999; Piao et al., 2001 ; S. Luan, unpublished results). Both CBL1 and CBL2 respond to light, but CBL2 lacks the other responses of CBL1 (Nozawa et al., 2001) . Such expression patterns suggest that CBL1 and CBL2 have both overlapping and specific functions in certain signal transduction pathways. Rodriguez-Concepcion et al., 1999) . Like rice OsCaM61 (Figure 1 ), CaM53 contains a polybasic 34-residue C-terminal extension ending with a CaaX-box motif for prenylation. CaM53 is efficiently prenylated (Caldelari et al., 2001 ) and processed (Rodriguez-Concepcion et al., 2000) to be targeted to the plasma membrane. When prenylation is prevented by either mutation of the Cys residue of the CaaX box or inhibition of the mevalonate pathway (which provides the prenyl groups) with mevinolin ( Figure 3B ), the polybasic domain targets the protein to the nucleus. A similar prenylation-dependent membrane versus nuclear localization has been reported for OsCaM61 (Dong et al., 2002) . Several factors can regulate CaM53 prenylation and subcellular localization, including the availability of the prenyl groups ( Figure 3B ), which can depend in turn on the metabolic status of the cell . Prenylation and plasma membrane targeting of CaM53, however, do not depend on calcium binding ( Figures 3C and 3D) . The prenylation status of CaM53 is likely an important aspect of its function, because the set of proteins with which CaM53 could interact upon calcium binding is expected to be very different depending on the subcellular localization of the protein. Consistently, the phenotype of Nicotiana benthamiana plants ectopically expressing plasma membrane-targeted CaM53 is very different from that of plants expressing the nucleus-localized CaaX-box mutant protein ( Figure 3E ). CaM53 may be a good example of a plant-specific CaM that incorporates a novel mechanism (prenylation-dependent differential localization) to coordinate the metabolic activity of plant cells with calcium-activated responses in the plasma membrane and the nucleus.
Certain structural features of CBLs also suggest that these Ca 2ϩ sensors can change their cellular localization. Several CBLs have a conserved myristoylation site in their N-terminal regions (Liu and Zhu, 1998; Kudla et al., 1999; , Albrecht et al., 2001 ). It would be expected that these CBLs are localized to cell membranes, which could serve as a regulatory mechanism for establishing a local signal cascade similar to the model discussed for CaM53 above. For example, a significant amount of SOS3 (CBL4 in Table 2 ) is always found associated with the membrane fraction, and the myristoylation site is required for the function of the protein . CBL1 also is associated with the membrane and could be subject to regulation by a Ca 2ϩ -myristoyl switch (J. Kudla and S. Luan, unpublished results), similar to mammalian recoverin (Resh, 1999) .
In the Ca 2ϩ -free state, the myristoyl moiety in recoverin is inaccessible to membranes. The Ca 2ϩ -induced conformational change exposes the myristoyl group and facilitates the association of recoverin with the membrane (Resh, 1999) . In the case of CBLs, the association of a particular CBL protein would target the CBL-CBL-interacting protein kinase (CIPK) complex to the membrane, thereby enabling CIPK phosphorylation of membrane-associated protein substrate(s). The view that is emerging is that in plants, certain CaM/CBL proteins have acquired protein domains that restrict their localization, perhaps as a mechanism to establish local signal transduction pathways that initiate specific cellular responses.
TARGETS AND FUNCTIONS
CaM Targets a Diverse Group of Proteins
Small Ca 2ϩ sensors such as CaMs and CBLs contain the Ca 2ϩ binding domains but lack other effector modules (e.g., the kinase domain in the CDPK proteins). They transmit Ca 2ϩ signals by interacting with a number of target proteins. The interaction between CaM and CaM-dependent protein kinases in animal cells provides a good model that illustrates how Ca 2ϩ -CaM regulates the activity of the target. For example, CaMKII contains an autoinhibitory domain that occludes the active site in the resting state. Ca 2ϩ -CaM binds to a site near or overlapping the autoinhibitory domain, thereby releasing it from the active site and activating the enzyme (for review, see Hook and Means, 2001) . This model appears to be applicable to interactions between CaMs/ CBLs and their target proteins in plant cells. CaM targets in plants have been reviewed extensively Fromm, 1998, 2001; Zielinski, 1998; Reddy et al., 2002) ; therefore, we introduce the conceptual framework using only a few examples to explain how CaMs regulate protein target activity in plants.
CaM target proteins can be identified using labeled CaMs to screen expression cDNA libraries (Fromm and Chua, 1992) . A large number of CaM binding proteins have been identified from plants. Glu decarboxylase (GAD) is one of the best studied (Baum et al., 1993 (Baum et al., , 1996 Snedden et al., 1996; Zik et al., 1998) . The enzyme catalyzes the conversion of L-Glu to ␥-aminobutyric acid (GABA) and is activated rapidly during several stress responses Fromm, 1998, 2001) . GAD is activated by binding either to CaM or to a monoclonal antibody that recognizes the CaM binding domain of GAD. In analogy to the Ca 2ϩ -CaM-CaMK interaction, the binding of Ca 2ϩ -CaM to GAD probably relieves the autoinhibitory effect of the CaM binding domain, because mutant GAD lacking the CaM binding domain (GAD⌬C) is constitutively active. Overexpression of GAD⌬C in transgenic tobacco induced developmental abnormalities associated with increased GABA levels concomitant with reduced levels of Glu (Baum et al., 1996) . The activation of GAD by environmental stimuli via the Ca 2ϩ -CaM signaling system is very rapid, exemplifying the highly cooperative on/off switch of the CaM response .
Ca 2ϩ -ATPases are localized in the endomembranes or plasma membrane and play a key role in removing Ca 2ϩ from the cytoplasm to terminate a signaling event, which is critical for Ca 2ϩ homeostasis in all eukaryotic cells (for review, see Sze et al., 2000) . Among the Ca 2ϩ -ATPases in higher plants, type IIB Ca 2ϩ -ATPases are major targets of (A) A CaM53-specific antibody was used for immunolocalization of the protein on a paraffin-embedded petunia longitudinal section showing a floral meristem. Secondary antibodies coupled to alkaline phosphatase were used to visualize the localization of cross-reacting polypeptides with brightfield illumination. (B) to (D) Subcellular localization was studied in petunia protoplasts transformed with the plasmid to express the full-length CaM53 protein fused to green fluorescent protein as described previously . After electroporation, protoplasts were incubated for 16 hr in the presence of 5 M mevinolin (B), 1 mM CaCl 2 (C), or 1 mM EGTA (D). Localization of the green fluorescent protein-CaM53 fusion protein was detected by green fluorescence. Red fluorescence corresponds to chlorophyll. Arrow in (B) indicates the nucleus. (E) Ectopic overexpression of the wild-type CaM53 (CaM53wt) or a nonprenylated mutant version (CaM53mS) in Nicotiana benthamiana plants using the potato virus x viral vector induced distinct developmental abnormalities. An empty potato virus x vector-infected plant is shown as a control . The photograph was taken 35 days after inoculation. Ca 2ϩ -CaM regulation. Unlike homologs in animal cells, plant type IIB ATPases are located in both endomembranes (endoplasmic reticulum and tonoplast) and the plasma membrane (Sze et al., 2000) . Ca 2ϩ -CaM interacts with type IIB ATPases to activate the pump by releasing an autoinhibitory domain from the active site, similar to the Ca 2ϩ -CaMCaMKII interaction in animals. It is noteworthy that plant Ca 2ϩ -ATPases are subject to regulation by CDPKs, another type of Ca 2ϩ sensor. Interestingly, although Ca 2ϩ -CaM activates the pump, CDPK phosphorylation inhibits the pump, demonstrating the complexity of the regulation of Ca 2ϩ signal termination by feedback from two different types of Ca 2ϩ sensors (Hwang et al., 2000) . Several plant nucleotide-gated ion channels also may be regulated by Ca 2ϩ -CaM (Schuurink et al., 1998; Arazi et al., 1999 Arazi et al., , 2000 Kohler et al., 1999; Leng et al., 1999) . These channel proteins contain six transmembrane domains and a high-affinity CaM binding site overlapping a cyclic nucleotide binding domain (Arazi et al., 2000) .
Although typical Ca 2ϩ -CaM-dependent protein kinases similar to CaMKII in animals have not been identified in plants, certain plant protein kinases are regulated by CaMs. These are exemplified by CCaMK, a chimeric plant Ca 2ϩ -CaM-dependent protein kinase with a visinin-like Ca 2ϩ binding domain and a CaM binding domain in one molecule (Patil et al., 1995) . Although Ca 2ϩ can regulate the kinase via a visinin-like domain, Ca 2ϩ -CaM enhances the kinase activity toward a substrate and inhibits its autophosphorylation activity, suggesting that Ca 2ϩ -CaM may regulate substrate specificity in vivo (Takezawa et al., 1996) . Several genes that encode CaMKII-like protein kinases have been identified by homology-based cloning from apple (Watillon et al., 1995) and through CaM interaction cloning from maize (Lu and Feldman, 1997) . The structural domains of these kinases resemble those in animal CaMKII, with high-affinity CaM binding domains and a kinase domain. However, the activity of these plant CaMKII-like kinases and their regulation by Ca 2ϩ -CaM have not been characterized.
Calcium Targets in the Nucleus
Ca 2ϩ signaling and the role of CaM in the nucleus are drawing increased interest (Rudd and Franklin-Tong, 2001; Snedden and Fromm, 2001) . CaMs participate in transcriptional regulation either directly, by binding to transcription factors (Szymanski et al., 1996) , or indirectly, by activating kinases or phosphatases that control transcription factor activity (Marechal et al., 1999) . Studies in animal cells have demonstrated that CaM localization to the nucleus could be facilitated by differential Ca 2ϩ oscillations (Craske et al., 1999; , suggesting additional and complex levels of transcriptional regulation. As discussed above, changing the metabolic status of plant cells induced the translocation of CaM53 to the nucleus, where it appears to activate specific signaling .
Selective Ca 2ϩ signals were measured in the cytoplasm and nucleus of transgenic plants expressing either cytoplasmic or nuclear forms of the Ca 2ϩ reporter protein aequorin (van Der Luit et al., 1999; Pauly et al., 2000) . Such Ca 2ϩ signals may be required for the expression of specific genes. For example, expression of tobacco NpCaM1 (but not NpCaM2, which encodes an identical CaM protein) in response to wind was stimulated by a nuclear Ca 2ϩ transient, whereas cold-responsive expression was induced primarily by a cytoplasmic Ca 2ϩ transient (van Der Luit et al., 1999) . Thus, spatially separated Ca 2ϩ signals also can control the function of closely related CaM proteins through the regulation of their genes.
Several more recent studies implicate nuclear Ca 2ϩ signals in important cellular processes. A Ca 2ϩ binding protein required for light response has been localized in the nucleus (Guo et al., 2001a) . This protein (called SUB1) also contains a putative domain for DNA binding, suggesting that it may combine the function of Ca 2ϩ sensing and transcriptional regulation in one protein. Another study identified a CaMrelated protein as a critical component in the suppression of post-transcriptional gene silencing in plants (Anandalakshmi et al., 2000) . It remains to be established how these Ca 2ϩ binding proteins mediate Ca 2ϩ signals and regulate corresponding nuclear processes.
The CBL-CIPK Paradigm
Unlike CaMs, which interact with a large variety of target proteins, CBLs appear to interact with a single family of protein kinases (Shi et al., 1999) . These kinases, referred to as CIPKs, are most similar to Suc nonfermenting (SNF) protein kinase from yeast. CBL1 interacts with CIPKs through the C-terminal nonkinase domain that contains a conserved region among different CIPK members (Shi et al., 1999) . Interestingly, interaction between CBL1 and CIPK1 requires micromolar levels of Ca 2ϩ . This Ca 2ϩ -dependent interaction is consistent with the general paradigm established for Ca 2ϩ sensor interactions with target proteins in animals (e.g., the Ca 2ϩ -CaM-CaMKII interaction).
Another study (Halfter et al., 2000) using SOS3 (equivalent to CBL4 in Table 2 ) as "bait" also identified several interacting protein kinases that belong to the CIPK family. In particular, SOS3 interaction with SOS2 (equivalent to CIPK24 in Table 3 ) stimulates kinase activity against a peptide substrate, suggesting that SOS3 serves as a regulatory subunit of SOS2. SOS2 and SOS3 were identified initially by a genetic screen for Arabidopsis mutants that are salt overly sensitive (SOS; not to be confused with earlier terms such as SOS [Son-Of-Sevenless in mitogen-activated protein kinase pathways in animals] or the SOS response in Escherichia coli) (Liu and Zhu, 1998; Liu et al., 2000; for review, see Hasegawa et al., 2000) . Mutations in SOS genes render Arabidopsis plants hypersensitive to NaCl in the growth medium, implicating SOS genes in salt tolerance functions.
The Arabidopsis genome contains a large number of genes for putative CIPK proteins. Table 3 lists 25 CIPK genes that have been confirmed by cDNA cloning and sequencing. Further experiments have extended the analysis of CBL-CIPK interactions to the entire family of CBLs and a large fraction of the CIPK family in an effort to determine the functional pairs of CBLs and CIPKs. These studies revealed interaction specificity among various members of the CBL and CIPK families. Considering the number of genes in the two families ‫01ف(‬ CBLs versus 25 CIPKs), one would expect that some CBLs interact with more than one CIPK. Indeed, certain CBLs interact with multiple CIPKs; likewise, some CIPKs interact with multiple CBLs Albrecht et al., 2001; Guo et al., 2001b) . It must be noted, however, that these interaction studies were performed primarily using the yeast two-hybrid system; therefore, they may not necessarily represent the physiological situations in plants. In addition to matching the CBLs with their target kinases, the interaction studies further defined the functional domains of CBLs and CIPKs. For example, the CBL-interacting domain in the C-terminal region of CIPKs was localized to a small region of ‫02ف‬ amino acids Albrecht et al., 2001; Guo et al., 2001b) . This domain may function in kinase regulation by releasing the autoinhibitory domain (Guo et al., 2001b) .
The diversity in the protein sequence/structure and expression patterns of CBLs and CIPKs suggests that these proteins perform many different functions. To date, a physiological function has been established for only a few CBL and CIPK proteins. As discussed above, SOS2 and SOS3 have been identified by a genetic screen and appear to play a role in salt tolerance in Arabidopsis (Liu and Zhu, 1998; Hasegawa et al., 2000; Liu et al., 2000) . Because high salt induces an increase in Ca 2ϩ levels in the cytoplasm (Pauly et al., 2000) , salt tolerance could involve Ca 2ϩ signaling and the signal could be transmitted via SOS3/SOS2 to components required for salt detoxification (Hasegawa et al., 2000) . In this context, it is interesting that one of the three identified SOS genes, SOS1, encodes a putative Na ϩ /H ϩ antiporter (Shi et al., 2000) , reinforcing the view that Ca 2ϩ signaling has a role in salt detoxification.
In addition to the SOS3/SOS2 pair, biochemical studies have shown that CBL1 expression is highly responsive to a variety of abiotic stress conditions, including wounding, cold, drought, and high salt, implicating CBL1 in signaling these stress signals (Kudla et al., 1999) . This hypothesis is supported by further genetic analysis of the CBL1 gene. Disruption of CBL1 gene function renders mutant plants (Rudd and Franklin-Tong, 2001 ; for review, see Trewavas, 1999) . This leads to the question, how can a cell distinguish different extracellular signals by specific responses if they all use Ca 2ϩ as a messenger? If one examines the nature of Ca 2ϩ signals produced by various stimuli in both animals and plants, they appear to vary in their spatial and temporal information, which is referred to as the Ca 2ϩ signature (for review, see Rudd and Franklin-Tong, 2001 ). Subtle differences in these signatures may be responsible in part for the "specificity" in cellular responses. There is little doubt that Ca 2ϩ sensors and their targets are involved in further defining such signaling specificity.
First, as shown here, in plants there exist a number of distinct CaMs and CBLs, their target proteins, and additional downstream components in the signaling pathways. What pathway to take to decode a particular Ca 2ϩ signature may depend largely on the presence of these signaling components in a specific cell. This is consistent with the distinct temporal and spatial expression patterns of CaMs and CBLs and their target proteins, which determine the abundance of the signaling proteins in a particular cell under particular conditions. In addition, targeting of certain proteins, such as CaM53 and CBL1, to specific subcellular locations will further define their functions in the decoding of Ca 2ϩ signatures.
Second, the specificity of CaMs (or CBLs) in interactions with their targets certainly plays an important role in the diversity of cellular responses. For example, different CBLs interact with different subgroups of CIPKs or different CBLs may interact with the same subgroup of CIPKs with different affinities. The combinatorial potential of these proteins would contribute to the mechanism of a discrete response.
Third, the substrate specificity and differential cofactor dependence of CIPKs present an additional level of regulation in the CBL-CIPK system. For example, CIPK1 and CIPK7 depend on Mn 2ϩ as a cofactor, but SOS2 (CIPK24) activity depends solely on Mg 2ϩ . The availability of a particular substrate for CIPKs in a cell also contributes to specificity.
In conclusion, specificity in the Ca 2ϩ signaling system results from a multifactorial decision process, ranging from a specific Ca 2ϩ signature to the availability of a specific set of calcium sensors and their target proteins that are coupled to downstream components. Each step in this process constrains the Ca 2ϩ signal, ultimately leading to specificity in cellular responses, yet provides opportunities at every step for potential cross-talk to parallel or competing pathways. To fully understand the Ca 2ϩ signaling pathways, we must not only decode the Ca 2ϩ signatures but also dissect the "combination code" that consists of calcium sensors and downstream target proteins.
Accession Numbers
The Protein Data Bank accession numbers for the proteins shown in Figure 2 are 1CFC (Apo-CaM), 1CLL (Ca 2ϩ -CaM), and 1CFF (Ca 2ϩ -CaM).
